This study aimed to investigate brain maturation along gestational age with diffusion tensor imaging in healthy preterm and term neonates. Therefore, a voxel-based study of fractional anisotropy (FA) and mean diffusivity (D av ) was performed to reveal the brain regions experiencing microstructural changes with age. With tractography, the authors intended to identify which fiber tracts were included in these significant voxels.
A lthough cerebral development is an ongoing process from the early embryonic period to the second decade of postnatal life, rapid and important developmental changes occur between the third trimester of gestation and the first postnatal months. 1 Structural changes underlying this process can be evidenced with conventional MR imaging, 2 but this technique is not sensitive enough to evaluate microstructural changes associated with white matter organization and maturation.
Diffusion tensor imaging (DTI) is a more recent MR imaging technique that assesses and quantifies water diffusion in biologic tissues at a microstructural level, taking advantage that water molecules diffuse more easily in the direction of the fibers than orthogonally, where they are hindered by oligodendroglial sheaths or axonal membranes. 3, 4 This technique is therefore particularly suitable to study maturing axons, 5 even before myelination becomes evident on histologic examination. 6 In the first DTI studies performed on neonates and infants, water diffusion changes were assessed through the placement of regions of interest (ROIs). [7] [8] [9] More sophisticated approaches used fiber bundle tractography to select regions where DTI values are expected to change with age. 10, 11 These studies have shown that, for premature infants between ages 28 and 40 weeks, fractional anisotropy (FA), which expresses the fraction of the magnitude of the diffusion tensor attributable to anisotropic diffusion, 12 increases with age, whereas mean diffusivity (D av ), which corresponds to the directionally averaged magnitude of water diffusion, decreases with age in the white matter. 3, 8, 13 The increase in FA with age is explained by ensheathment of oligodendrocytes around axons, whereas a decrease in D av relates to the "premyelination" stages (ie, isotropic proliferation of cells, intracellular compartments, and membranes). 7, 14 Approaches on the basis of ROIs have well-known limitations because strong a priori hypotheses about localization and extent of the effects of interest have to be made. 15 Voxelbased methods of neuroimaging data analysis, such as statistical parametric mapping (SPM), do not have such limitations and have been successfully applied to study age-related FA changes in adults, FA differences between preterm and fullterm infants at term equivalent age, and brain structural asymmetries in infants. [16] [17] [18] [19] [20] In this study, we combined SPM with probabilistic tractography to precisely identify the fiber tracts passing through the clusters of voxels experiencing significant FA changes with age in a group of healthy term and preterm infants.
Materials and Methods

Subjects
Among the population of infants prematurely born in our institution who did benefit from brain MR imaging investigation to detect lesions related to premature birth, 21 26 infants (13 boys) born between 26.7 and 32 weeks of gestation were selected on the following criteria:
1. Normal weight and head circumference at birth for gestational age (Ͼfifth and Ͻ95th percentiles). 2. Five-minute Apgar score of more than 6. 3. Lack of evidence of congenital infection or multiple congenital anomaly syndrome. 4. Normal results on structural brain MR imaging as assessed by a board-certificated neuroradiologist (P.D.). 5. Normal results on physical and neurologic examination at termequivalent age and at 24 months corrected for gestational age as assessed by a board-certificated neuropediatrician (A.A.). 6. Normal psychomotor development at age 24 months corrected for gestational age as assessed by the Bayley III scale (mean Ϯ 2 SDs). 22 7. Echo-planar images (EPI) of good enough quality to perform DTI data processing (see further).
Eight healthy full-term babies (6 girls) born between 37.8 and 40.6 weeks of gestation completed the population. The initial population was thus composed of 34 preterm and full-term subjects. The Ethics Committee of our institution gave approval for the completion of this study (Reference: P2004/207). Informed written parental consent was obtained for each participant.
MR Imaging Data Acquisition
MR imaging investigations were performed on a 1.5T scanner equipped with an 8-channel sensitivity-encoding (SENSE) head coil. The following images were acquired for all subjects: 1) Sagittal 3D T1-weighted gradient-echo images: TR, 31 ms; TE, 4.6 ms; resolution, 0.8 ϫ 0. 24 we performed MR imaging data acquisition early in the morning. When asleep, the subjects were positioned in a vacuum immobilization pillow to minimize body and head movements. 21 Earmuffs were placed to minimize noise discomfort.
DTI Data Processing for Parametric Studies
To minimize motion artifacts on tensor estimation, we defined our final study population using a 5-step strategy.
Step 1: Visual Inspection. EPI images (32 directions plus b ϭ 0 s/mm 2 ) were visually inspected to search for the presence of motion artifacts (ie, signal intensity void, ghosting in at least one of the sections). Directions with motion artifacts were excluded from additional steps of data processing. No subject had motion artifacts in the b ϭ 0 s/mm 2 or in more than 10 directions of the EPI images.
Step 2: Realignment. The diffusion tool of the SPM2 software package (Volkmar Glauche; SPM, Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK) was used to correct head movements.
The 32 directions (or 32-X S directions, X S expressing the number of directions removed for subject S in step 1) were realigned to the first diffusion-weighted volume. We corrected gradient orientations by applying the rotation matrix caused by the movement of the subject during MR imaging acquisition. The realigned volumes were resectioned, and the mean of the 32 (or 32-X S ) diffusion-weighted datasets was computed. Finally, the b ϭ 0 s/mm 2 image was coregistered with this mean image and resectioned. Using this methodology, we created a full EPI dataset corrected for head movements, which were ready for DTI reconstruction and FA and D av calculation.
Step 3: FA and D av Calculation. We calculated FA and D av using the diffusion tool of SPM2 on the basis of the maximal, intermediate, and minimal eigenvalues ( 1 , 2 , 3 ), as proposed by Pierpaoli and Basser.
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Step 4: Image Normalization and Smoothing. Because automated and semi-automated MR imaging segmentation techniques were developed for volumetric T1 studies of the fully myelinated mature brain and are not directly transferable to the incompletely myelinated brain, 26 no segmentation procedure to separate gray and white matter was performed. 18, 20 Images were spatially normalized in SPM2 with a reference template that consisted of the b ϭ 0 s/mm 2 image of 1 healthy term subject who had no motion artifacts. The normalization used 12 degrees of freedom (translation, rotation, scale, and shear) and provided 45 FA sections composed of 2 ϫ 2 ϫ 2-mm 3 voxels. Smoothing was then performed with an isotropic gaussian kernel of 5-mm full width at half maximum. 27 We visually checked the anatomic accuracy of the spatial normalization using the "check registration" function of SPM2, which enabled us to compare the anatomic accuracy between subjects for several regions (posterior and anterior arms of the internal capsule, genu and splenium of the corpus callosum, and central part of the thalami).
Step 5: Quality Assessment of FA and D av Maps. To assess the quality of the FA and D av images obtained for our population after the first 4 processing steps, we performed a voxel-by-voxel 2-sample t test comparing FA and D av images of each subject with the rest of the group. Results were considered significant at P Ͻ .05 corrected for multiple comparisons over the entire brain volume for clusters of more than 100 voxels. Subjects with significant results were excluded from the analysis.
Then, because withdrawal of 1 or more directions might modify FA and D av values, we have estimated this modification for each case in which it was necessary to remove directions (see Step 1) . Therefore, we have compared the FA and D av values of the template subject in 5 polygonal ROIs (left and right posterior limbs of the internal capsule, genu of the corpus callosum, and left and right frontal lobe) calculated with 32 directions and with 32-X S directions. Subjects were excluded from the parametric analysis if, in one of these 5 ROIs, the difference between FA and D av values was larger than 5%.
Parametric Studies
We first considered the subject age when MR imaging was performed as the only covariate of interest, making the a priori hypothesis of a linear relationship between the variable and the regional FA and D av changes. Because biologic changes may evolve nonlinearly during de-velopment, we also used polynomial expansions to evidence nonlinear regression in parametric studies. We thus studied the secondorder polynomial expansion of our parameter by defining the squared absolute value of the subject's age as a second covariate of interest.
The SPM(F), which is the image resulting from an F-statistic at every voxel, was obtained with a voxel height threshold of P ϭ .001 (uncorrected). SPM(F) was analyzed in voxel-level statistical inference (ie, the probability that the observed voxel value could have occurred by chance in the volume analyzed). Only regions of more than 50 voxels attaining a corrected P value of less than .05 for this level of statistical inference were considered. Masks were used to exclude from the analysis corticospinal fluid and low signal-to-noise voxels (FA Ͻ 0.1 or D av Ͼ 2.10 Ϫ3 ). 20 As we used the F-statistic, the positive or negative character of the significant linear or nonlinear relationship between FA and D av values and age was determined by the slope of the regression plots between FA and D av values and age obtained at each significant voxel.
Diffusion Tensor Tractography
We developed an original strategy to precisely identify the fiber tracts included in the brain regions to precisely show significant modification of FA with age. Using adult neuroanatomy 28 and tractography atlases, 29 we selected fiber tracts suspected to be included in the significant voxels of the parametric studies. A multi-tensor probabilistic tractography 30 of these fiber tracts was performed on the template subject by use of the Functional MR Imaging of the Brain Software Library (FSL). 31 The obtained connectivity distributions were thresholded with a probability of 2%.
Coregistration of Parametric Maps and Tractography
We coregistered statistical parametric maps and all of the identified fiber tracts with the FA image of the template subject by using affine coregistration (FSL).
Results
DTI Data Processing for Parametric Studies
For 18 of the 34 subjects (12 premature and 6 term infants) motion artifacts were observed in at least one of the 32 directions acquired. Motion artifacts were encountered in 1 direction for 1 subject, 2 directions for 3 subjects, 3 directions for 4 subjects, 4 directions for 4 subjects, 5 directions for 4 subjects, 7 directions for 1 subject, and 9 directions for 1 subject. These 18 subjects were homogeneously distributed according to the age of gestation at the time of MR imaging. Among the 34 subjects, the 2-sample t tests comparing each patient with the rest of the group revealed significant FA clusters in 4 subjects. These subjects were excluded for further analysis.
Two additional subjects were excluded because the difference in the FA value of the template subject calculated with 32 directions and 32-X S directions was larger than 5% in at least one of the 5 ROIs.
The population available for parametric studies was thus composed of 28 subjects (22 premature and 6 term infants) scanned between 34 and 41 weeks. Gestational age when MR imaging was performed was 39.4 Ϯ 1.2 weeks for the full-term population and 36.3 Ϯ 0.9 weeks for the preterm population.
Parametric Studies
Parametric studies showed a strong statistical correlation between the subjects' age and FA in various subcortical structures. Significant clusters were found in the subcortical projection pathways of the frontal (motor and premotor areas) and parietal cortices, the centrum semiovale, the anterior and posterior arms of the internal capsules, the optic radiations, the splenium, and the genu of the corpus callosum and the thalami (Fig 1) . The positive slope of the regression plot obtained in the subcortical projection pathways of the right frontal motor cortex, where the F-value was the highest (F ϭ 59.63), indicated an FA increase with increasing age (Fig 2) . The same type of correlation was observed in all of the other statistically significant regions. The second-order polynomial expansion (highest F-value ϭ 29.30) did not indicate nonlinear FA increase with age. No statistically significant results were found for D av maps.
Diffusion Tensor Tractography
On the basis of neuroanatomic and tractography atlases, we identified the corticospinal tract (CST); the thalamic radiations, which are divided into the superior thalamic radiations (STR), anterior thalamic radiations (ATR), and posterior thalamic radiations (PTR); and the callosal radiations (CR) as the fiber tracts possibly included in the significant clusters of the parametric analysis. To confirm this hypothesis, we processed the template used for normalization with a seed mask positioned in the mesencephalon and a waypoint mask in the precentral gyrus to track the CST. 32 The anterior and posterior parts of the STR were tracked between the seed mask positioned in the thalamus on the axial image and the waypoint mask covering the precentral and postcentral gyri above the corpus callosum. 33 The same thalamic seed mask as used for the STR was used to track the fibers of the ATR and PTR, with the waypoint masks placed in the frontal and occipital lobes, respectively.
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Coregistration of Parametric Maps and Tractography
The coregisteration of the parametric maps and probabilistic tractography showed that the CST, the STR, the PTR, the ATR, and the CR (Fig 3) were included in the significant clusters, confirming that significant FA increase does occur in these tracts between 34 and 41 weeks of gestation. Regression plots of FA with gestational age in all of the above-mentioned tracts and the thalamus on the right hemisphere are given in Fig 2. Similar regression plots were obtained for the left hemisphere.
Discussion
We used a voxel-based approach to identify FA changes in a population of healthy preterm and term infants and found that FA increases between 34 and 41 weeks in the thalami, the subcortical projection pathways of the frontal (motor and premotor) and parietal cortices, the centrum semiovale, the anterior and posterior arms of internal capsules, the corpus callosum, and the optic radiations. We reconstructed the suspected fiber tracts included in the significant clusters using probabilistic tractography and superimposed them on the parametric maps, which enabled us to conclude that the thalamic radiations, the CR, and the CST experience microstructural changes between 34 and 41 weeks of gestation.
Proof of FA increase in the thalami with increasing age from 34 weeks is original and in agreement with studies showing that FA increases with age in the somatosensory tracts and in the optic radiations, which are part of the STR and PTR, respectively. 8, 13, [34] [35] [36] Structural modification of these fibers is also supported by neurophysiologic studies showing reduced latencies of somatosensory and visual-evoked responses with increasing age in neonates. 37, 38 Thalamic radiations start to develop in the brain between 20 and 23 weeks of gestation when they reach the superficial part of the subplate zone. 39 Between 24 and 32 weeks of gestation, axons grow from the subplate zone to the cortical plate and develop synapses in the deep cortical plate. 39, 40 This developmental stage is characterized by the first appearance of 2 parallel and concurrent functional circuits in the neocortex: the thalamocortical loop and the endogenous and spontaneously active circuitry of the subplate zone, which will tend to disappear at approximately 38 weeks of gestation. 41 The spatial resolution of our system did not allow us to identify which thalamic nuclei did experience significant changes. We could speculate that, because the thalamus via the thalamic radiations is known to be an integrative center for regulation of sensorimotor functions and states of consciousness, 42 its maturation could contribute to the improvement of the quality of movements, level of alertness, and visual function that neonates experience between 34 and 41 weeks of gestation. 43 The FA increase in the CST and CR has already been described by several authors. 7, 8 Anatomopathologic studies have shown that between 34 and 41 weeks of gestation, the CST will experience significant maturational changes. 44 This is in agreement with the observation during that period of a switch of the control of movements from the subcorticospinal motor system to the corticospinal system, leading to more organized and fluid motor behavior. 43 The posterior limb of the internal capsule starts to myelinate at 36 weeks, and other regions where we found FA increase with gestational age (ie, the thalami, the supracapsular portion of the CST and STR, the ATR and the PTR in the CR) are not yet myelinated at 41 weeks. 44 Therefore, besides myelination, 14 the FA increase in these tracts and regions probably also relates to unmyelinated oligodendrocyte ensheathment around the axons. It is interesting to note that Drobyshevsky et al 45 recently reported that, in the brain of rabbit, developmental changes in anisotropy coincide with proliferation of immature oligodendrocytes before myelination. Myelination is known to spread from the central to the peripheral regions (A, B) , the anterior and posterior arms of the internal capsules, and the optic radiations (C), the centrum semiovale (D), and the subcortical projection pathways of the frontal and parietal cortices (E) in the axial (A-E) and coronal (F) planes. The anatomic underlay is the FA image of the template. The color maps represent the F-scores. Only regions of more than 50 voxels attaining a corrected P value of less than .05 for the voxel-level of statistical inference were considered significant.
and from the central sulcus outward to the poles.
14 As most of the significant voxels of our analysis were centrally located in the brain (Fig 3) , FA increase between 34 and 41 weeks of gestation seems to follow the same spatiotemporal progression as myelination, but somewhat earlier.
Many significant voxels were not included in the tracts reconstructed with use of probabilistic fiber tractography. These voxels could still correspond, in our opinion, to subcortical projection pathways of the CST, thalamic radiations, and CR not evidenced by tractography. Indeed, the low FA value in neonate brains might have decreased the actual size of the reconstructed bundles. 8 Another possibility is that the 2D ROI method we used limited reconstruction to the part of the tract that crosses the selected ROIs. For example, for the CST, 2D ROIs tend to find only projections in the superior-inferior direction (medial portion of the motor tract), missing the leftright direction (lateral portions of the tract). It has been suggested that 3D ROIs with use of cortical masks that include the whole motor cortex for the CST could resolve this limitation in adults. 11 Nevertheless, because cortical masking implies a good contrast between gray and white matter to define the mask, this technique seems difficult to apply in a neonate population.
We did not find significant changes in D av with age in our group of subjects. This is in agreement with other studies showing that FA is more sensitive to detect differences between tracts in the premature brain. 8, 46, 47 It was proposed that the expansive nonlinearity at low anisotropy values provided by the FA index might better distinguish small differences in anisotropy in the neonatal brain compared with the more linear D av index. 12 Because the D av decrease relates essentially to isotropic proliferation of cells, intracellular compartments, and membranes, 14 we can speculate that brain maturation between 34 and 41 weeks of gestational age is mainly anisotropic.
Some methodologic issues deserve special comments. First, the use of SPM in DTI studies has been questioned by authors considering that changes observed could be the result of local misalignment and not changes in white matter microstructure. 48 To take into account this criticism, results of the spatial normalization were visually verified for several brain structures. Tract-based spatial statistics, which are also an automated, observer-independent approach for the assessment of FA on a voxel-wise basis across groups of subjects, 48 could resolve some of these problems via carefully tuned nonlinear registration of FA images followed by projection onto an alignment-invariant tract representation (the "mean FA skeleton"). Nevertheless, this technique restricts the analysis to major white matter tracts, excluding central gray matter such as the thalami, and is not easily applicable to neonates because of low FA values of the immature brain.
A second issue concerns movement artifacts during acquisition, which is a recurrent problem when performing DTI studies in nonsedated neonates. In our study, DT images with motion artifacts were rejected. Because rejecting directions might modify FA values, we rejected patients with more than 5% FA value modification induced by direction removal, so we are confident that our results were biased neither by motion artifacts nor by the error resulting from rejecting direc- tions. A last issue concerns the population studied, which is composed of healthy term babies and preterm babies considered as healthy. The normality of our preterm population was based on robust structural and clinical criteria. Nevertheless, we cannot exclude that some of the premature infants might have subtle cognitive deficits associated with abnormal FA values in several regions. Studies have shown altered white matter diffusion anisotropy in preterm compared with normal-term infants, but it should be emphasized that results differ from 1 study to another. 7, 19, 49, 50 Moreover, if subtle white matter lesions had occurred in some of the children born prematurely, it is unlikely that they would be distributed homogeneously and symmetrically in all of the regions so that linear FA increases with age would not be found.
Conclusions
In this combined study of voxel-based analysis and probabilistic tractography with use of DTI, we could evidence that, besides regions previously identified by ROI-and tractography-based analyses, significant maturational changes do occur in the thalami and in the thalamic radiations in neonates between 34 and 41 weeks of gestation. We also showed that FA increases in brain regions where myelin is not present yet, suggesting that a FA increase with age also relates to unmyelinated oligodendrocyte ensheathment around axons. The clinical impact of an impairment of this process in motor and cognitive handicaps needs to be studied.
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